After nitrosoguanidine mutagenesis, a mutant Escherichia coli strain harboring the Clo DF13::Tn901 plasmid pJN03 was isolated that is thermosensitive (Ts) for growth at 430C. The mutation responsible for this thermosensitive phenotype resides on the pJN03 plasmid genome. Cells harboring the pJN03 cop-l(Ts) plasmid mutant showed a large increase in plasmid copy number at 430C accompanied by an increase in the synthesis of plasmidsspecified gene products like cloacin DF13 and beta-lactamase. The pJN03 cop-l(Ts) mutant showed uncontrolled plasmid DNA replication at the nonpermissive temperature. Analysis of plasmid deletions showed that the mutation is located in the Clo DF13 map interval from 0 to 12% or 29 to 45%. This implies that native cloacin DF13 and the Clo DF13-specified polypeptides B, C, D, E, and G are not involved in the pleiotropic phenotype of the plasmid mutant pJN03 cop-l(Ts).
In our laboratory the bacteriocinogenic plasmid Clo DF13, with a molecular weight of 5 .75 x 106, is the subject of investigation. The replication of this plasmid depends on DNA polymerase I (32) and DNA polymerase III (23) . Studies with thermosensitive (Ts) DNA replication mutants showed that the host-determined gene products of dnaA, dnaC, dnaG, dnaI, and dnaZ are essential, whereas the dnaB gene product seems not to be involved in Clo DF13 DNA synthesis (32, 34) . De novo synthesis of chromosomal and Clo DF13-specified proteins is not required for Clo DF13 replication; incubation of Clo DF13-harboring cells in the presence of chloramphenicol results in an accumulation of Clo DF13 plasmids per cell (31) . However, de novo synthesis of RNA and, specifically, Clo DF13 RNA is required for Clo DF13 DNA replication (31) . Although it is unknown how the number of rounds of Clo DF13 replication is controlled in the bacterial cell, it is certain that plasmid information is involved, because Clo DF13 mutants with an increased number ofplasmid copies per cell have been isolated (18, 33) . One such mutant, Clo DF13 cop-3, appeared to be dominant over the wild type and to be affected in the initiation or regulation of initiation of Clo DF13 DNA replication (33) .
Since conditional lethal plasmid mutants have been shown to be useful probes for studies on the control mechanism of DNA replication (12, t Present address: Laboratory of Molecular Biology, University of Nijmegen, Nijmegen, The Netherlands. 13 . 15, 25), we attempted to isolate such Clo DF13 mutants. For this purpose we used a Clo DF13 plasmid carrying the ampicillin transposon Tn901. The presence of this transposon on Clo DF13 facilitates the selection of plasmid mutants since one can use, in addition to cloacin production, ampicillin resistance as a marker for selection. Several Clo DF13 plasmids to which Tn901 had transposed were isolated and characterized in our laboratory (29, 30) . Using these different Clo DF13::Tn9Ol plasmids, we were able to map five Clo DF13 genes on the physical map of Clo DF13 (4, 30) . In this paper we describe the isolation and characterization of a Clo DF13::Tn901 plasmid mutant, designated pJN03 cop-1(Ts), which shows uncontrolled DNA replication at 430C. Cells harboring this plasmid mutant are killed at this temperature.
MATERIALS AND METHODS
Bacterial strains and plasmids. The characteristics of bacterial strains and plasmids used in this study are listed in Table 1 . The isolation and characterization of Clo DF13 plasmids to which Tn901 had transposed has been described by Van Embden et al. (29) . The transposon Tn901 specifying ampicillin resistance originates from Salmonellapanama (28 Clo DF13 cop-3::Tn901 (Tn901 in-Stuitje et al. (24) serted at 43% on the Clo DF13 map) sis are described by Miller (19) . PNM buffer contains, per liter: 7.0 g of Na2HPO4, 3.0 g of KH2PO4, 4.0 g of NaCl, 0.2 g of MgSO4 7H20, and 0.2 mM MnSO4. Buffered saline with gelatin was used as standard diluent. Agarose, isopropyl-,/-D-thiogalactopyranoside, and o-nitrophyl-,8-D-galactopyranoside were obtained from Sigma Chemical Co., St. Louis, Mo. Cephalosporin 87/312 was a generous gift of Glaxo Ltd., Hoofddorp, The Netherlands. Chemicals used in polyacrylamide gel electrophoresis were purchased from Serva, Heidelberg, and radioactive chemicals were from the Radiochemical Centre, Amersham, England. The sources of the employed restriction endonucleases and the composition of the incubation mixtures have been described previously (29) . T4 ligase was obtained from Miles Laboratories, Inc., Elkhart, Ind.
Mutagenesis and selection of mutants. The isolation procedure was designed with the following objectives: (i) to minimize chromosomal mutations affecting plasmid phenotype by transferring mutagenized plasmids into an unmutagenized recipient strain, and (ii) to produce homogenous clones of plasmid mutants by growing recipients for many generations after receiving the plasmids. Furthermore, these procedures were performed in a particular recipient strain, GC3196, carrying both a tif and an sfi mutation. The latter mutation suppresses the filament formation of the host cell induced by tif at 43°C (10) . The tif mutation results also in an induced cloacin DF13 synthesis at 43°C (unpublished data), which may facilitate the isolation of particular plasmid mutants, e.g., thermosensitive immunity mutants. Strain N3469, harboring the Clo DF13::Tn9Ol plasmid pJN03, was mutagenized with nitrosoguanidine according to Miller (19) . After overnight incubation at 300C of the mutagenized donor cultures, F'-mediated transfer of the pJN03 plasmid to the GC3196 (rpsL) strain was performed. Ampicillin-resistant transconjugants (10,000) were tested for thermosensitive growth and cloacin activity.
Growth conditions and purification of mini_ celis. Cultures of the different strains were grown at 30°C to an absorbancy at 660 nm of about 0.2; then the cultures were shifted to 430C. To determine the reversibility or rescue of the viability at various times after the shift to 43°C, samples were taken, plated, and incubated at 30 or 43°C. Purification of minicells and the incorporation of radioactive precursors into DNA, RNA, and protein have been described previously (3, 4) . synthesis in cells harboring the pJN03 or the thermosensitive pJN03 plasmid, cultures of strain N3548(pJN03) and thermosensitive N3528(pJN03) were grown at 30°C to a density of about 3 x 108 cells per ml. The cultures were then shifted to 43°C, and at various times after the temperature shift samples were removed and labeled for 30 min with 10 ILCi of [methyl-3H]thymidine per ml in the presence of 300 ,tg of deoxyadenosine per ml. Plasmid DNA was isolated and analyzed in sucrose gradients as described previously (31) . Radioactive peaks were pooled from these gradients, and the total amount of 3H radioactivity and plasmid DNA (determined by agarose slab gel electrophoresis) was calculated. The amount of plasmid DNA synthesized at 430C was expressed as a percentage of that synthesized at 30°C before the shift to 43°C. Another procedure used to calculate the amount of plasmid DNA per chromosome involved the preparation of crude lysates according to Clewell (5) and their analysis in cesium chloride-ethidium bromide gradients as described previously (33) .
Cloacin and immunity tests. For determination of the cloacin production, we used the double-layer technique and the vial test as described previously (3, 6) . To test Enterobacter cloacae H478-02 cells harboring the thermosensitive or wild-type pJN03 plasmid for immunity (21) against cloacin DF13, we performed the following procedure. An overnight culture of a cloacin-producing strain (N3009) was stabbed with a needle into prewarmed brain heart infusion agar plates. After growth for about 6 h at 370C, the plates were treated with chloroform vapor to kill the cells and stored overnight at 40C to allow diffusion of cloacin into the agar. Then these plates were covered with 107 cells of the strain to be tested. After incubation for 4 h at 370C, clear zones around the stabs were observed in the case of immunity-minus strains.
Enzyme assays. To determine capacity for betagalactosidase synthesis, overnight cultures were diluted 10 times in minimal medium containing 0.3 mM isopropyl-,B-D-thiogalactopyranoside. Growth was continued, and assays (19) were performed at appropriate times with or without toluene. Beta-galactosidase activity is expressed in arbitrary units: 1 unit is defined as the amount of enzyme that causes, in our assay, an increase in extinction of 1.0 at 420 nm per min. The beta-lactamase activity was determined spectrophotometrically according to the cephalosporin 87/312 assay of O'Callaghen et al. (20) . Activity of the beta-lactamase enzyme was defined as micromoles of substrate destroyed per minute per milliliter of enzyme at room temperature and pH 7 .0. To screen colonies for beta-lactamase activity, 10 pl of cephalosporin 87/ 312 (500,ug/ml) was spotted on the colony growing on minimal medium agar plates. Depending on the amount of beta-lactamase produced, a red color was visible after 2 to 30 min.
In vitro construction of Clo DF13 deletion mutants. To generate specific deletions in the Clo DF13::Tn901 genome, we used a procedure described in detail by Stuitje et al. (24) . This method essentially involves the digestion of plasmid DNA with restriction endonucleases followed by ligation with T4 ligase. After the ligation the plasmid DNA was used to transform Escherichia coli or E. cloacae cells as described by Van Embden et al. (29) . Ampicillin-resistant transformants were picked up and tested for cloacinogenic activity. From these transformants plasmid DNA was isolated, digested with restriction endonucleases, and analyzed on agarose slab gels. By this method various Clo DF13 miniplasmids were constructed lacking different parts of the plasmid genome (24) .
Gel electrophoresis and autoradiography. For analysis of restriction endonuclease digests of plasmid DNA, the DNA samples were applied on a vertical 1% agarose slab gel and electrophoresis was carried out as described previously (30) . Preparative electrophoresis for the isolation of miniplasmids was carried out on horizontal glass plates covered with a 2-mm-thick 0.5% agarose layer. Analysis of proteins synthesized in E. coli minicells harboring pJN or pEV plasmids was performed on 10% polyacrylamide slab gels in the presence of 8 M urea as described by Konings et al. (16) . After electrophoresis, staining, and destaining, the slab gels were transferred to a sheet of Whatman 3 MM paper and dried at 600C on a Bio-Rad model 224 slab dryer. Autoradiography was performed by exposing Kodak XR1-14 X-ray film to the dried slab gels for 2 to 14 days depending on the amount of radioactivity present in the gels.
RESULTS
Isolation of conditional plasmid mutants.
To isolate conditional Clo DF13 mutants, strain N3469 harboring the Clo DF13::Tn9Ol plasmid pJN03 was mutagenized as described in Materials and Methods. F'-mediated transfer of the pJN03 plasmid was performed to the acceptor strain GC3196. Two colonies out of 10,000 transconjugants tested showed thermosensitive growth at 430C. These two transconjugants, designated N3430 and N3512, differed in ampicillin resistance at 430C. In contrast to strain N3512, strain N3430 did not show any beta-lactamase activity at the nonpermissive temperature. In this paper we studied the properties of the mutant strain N3512.
To be certain that the thermosensitive growth of strain N3512 is only due to a plasmid mutation, we isolated both the plasmid DNA from the mutant strain N3512 and that from strain N3539 harboring the wild-type plasmid pJN03.
Both plasmid DNAs were used to transform other E. coli strains, e.g., P678-54, by selecting for ampicillin resistance. Again, those E. coli strains which received the plasmid DNA from strain N3512 showed thermosensitive growth at 430C, in contrast to the control strains which had received plasmid pJN03. Thus, the mutation responsible for this thermosensitive phenotype resides on the plasmid DNA. Furthermore, the chromosomal tif mutation of strain GC3196 had no influence on the expression of the thermosensitive phenotype. The plasmid mutant is designated as pJN03 cop-1(Ts).
Properties of cells harboring the plasmid mutant pJN03 cop-l(s). To examine the effect of the pJN03 cop-l(Ts) plasmid mutation on the host, we analyzed the rate of growth, the cell viability, and the integrity of the cell envelope of strains harboring this mutant plasmid. The effect of temperature on the growth patterns of two isogenic strains, N3548 and N3528, harboring the pJN03 or the pJN03 cop-l(Ts) plasmid, respectively, is shown in Fig. 1 . The results of this experiment demonstrate that about 45 min after the shift to 430C the growth of strain N3528 is inhibited. The cell viability was tested in a survival experiment. A strong decrease in survival was observed when mutant strain N3528 was plated at 430C, in contrast to wild-type strain N3548 (Fig. 2) . From the survival curve shown in Fig. 2 we conclude that within 30 min after the shift to the nonpermissive temperature the mutant strain can still be rescued from the killing activity induced by the pJN03 cop-l(Ts) plasmid. However, after this time the survival decreases considerably. Cells that are able to grow at 430C are either revertants of the plasmid mutation (frequency, ca. 10-6) or mutants which suppress, due to chromosomal mutations, the killing activity induced by the pJN03 cop-l(Ts) plasmid. A fraction (about 20%) of these latter mutants had lost the plasmid. To determine whether the killing of the host at 430C is caused by alterations in the cell envelope, we assayed the leakage of a normal cytoplasmatic enzyme, beta-galactosidase, from the cell. The results presented in Table 2 show a large difference in the amount of beta-galactosidase activity present in the medium (nontoluene-treated samples) at about 2 h after the shift to 430C between the mutant and the control strain.
The lethal effect of pJN03 cop-l(Ts) on its host at 430C raises questions about the nature of the killing determinant. This determinant 4 5 6 could be one of the Clo DF13-specified gene products. In a first approach to study the activ-(pJN03 cop-i (Ts)] ities of these gene products in cells harboring grown at 30°C to pJN03 or pJN03 cop-1(Ts), we assayed the an- aThe killing units per milliliter were determined by the vial test as described previously (11) . The data are corrected for the difference in optical densities between the different samples.
cop-1(Ts) plasmid increased strongly; after 2 h of incubation at 430C this activity is about 100 times higher than that of cells harboring the pJN03 wild-type plasmid. Besides the cloacin activity we also analyzed the activity of another Clo DF13::Tn9Ol plasmid-specified gene product, beta-lactamase. The results shown in Table  4 demonstrate that the beta-lactamase activity in the mutant strain is also enhanced at 300C and is more pronounced at 430C. The expression of the cloacin and beta-lactamase genes is independently regulated (4 protein encoded by the pJN03 cop-l(Ts) plasmid is responsible for the thermosensitive growth, we introduced this plasmid mutant by transformation into a cloacin-sensitive host, namely, E. cloacae (6, 17, 21) . It was observed that E. cloacae cells harboring the mutant or the wild-type pJN03 plasmid were immune to cloacin DF13 at 30 and 37°C. However, the E. cloacae strain harboring the pJN03 cop-l(Ts) plasmid showed thermosensitive growth at 430C, in contrast to the strain harboring the wild-type pJN03 plasmid.
Properties of the plasmid mutant pJN03 cop-l(Ts). Since a linear relationship seems to exist between beta-lactamase activity and plasmid copy number (12, 29) , the enhanced activity of beta-lactamase in the case of N3528 might be due to an increased number of plasmid copies per cell. Alternatively, the enhanced activities of both plasmid-specified gene products, cloacin DF13 and beta-lactamase, might be caused by regulatory phenomena. To discriminate between these two possibilities we determined the amount of plasmid DNA at both 30 Fig. 3 . This figure shows that during the first 60 min of incubation at 430C no striking differences in growth rate and plasmid DNA content were measured between strains N3528 and N3548. However, after that period we observed that in contrast to the synthesis of wild-type plasmid DNA, the synthesis of pJN03 cop-1(Ts) DNA increased strongly until 2 h after the temperature shift. The number of plasmid copies per chromosomal genome equivalent for the mutant and wild-type plasmids at 30 and 430C was estimated as described previously (33) . These values are 20 to 30 copies of pJN03 cop-l(Ts) per chromosome equivalent at 300C, whereas in cells grown for 120 min at 430C 200 to 300 pJN03 cop-1(Ts) plasmid copies are present per chromosome equivalent. For the wild-type pJN03 plasmid, the number of plasmid copies per chromosome equivalent is, at both temperatures, about 10. We also tested the incorporation of radioactive precursors in DNA, RNA, and protein by minicells harboring the pJN03 or the pJN03 cop-l(Ts) plasmid mutant. These incorporation studies showed an enhanced synthesis of pJN03 cop-l(Ts)-specified DNA, RNA, and protein at 30 and 430C in comparison with minicells harboring the wild-type pJN03 plasmid. From analysis of the polypeptide pattern of minicells (Fig. 4, tracks a and b) , apart from the gene dosage effect, we observed no significant differences in the polypeptide pattern and in the molar yields of of synthesized polypeptides between minicells harboring the wild type or the mutant pJN03 plasmid.
Mapping of the mutation on the pJN03 cop-l(Ts) plasmid genome. The mapping of Clo DF13 plasmid mutations by classical genetic methods is complicated due to multiple plasmid copies in a cell and the likely stochastic segregation of plasmids from a "heterozygote" cell. However, the possibility of generating plasmid deletions by restriction endonucleases offered us a tool to roughly map mutations on the plasmid genome. By using BamH-I restriction endonu- cleases as well as a mixture of HpaI and Sall restriction enzymes we have isolated two miniplasmids, pEV17 and pEV23, derived from the pJN03 cop-l(Ts) mutant. Analysis on agarose slab gels (Fig. 5, track c) Table 4 ). These two miniplasmids share the Clo DF13 genome regions from 0 to 15% and 29 to 45% (see Fig. 6 ). The polypeptide patterns of minicells harboring the miniplasmids are presented in Fig. 4 (tracks e and f). DISCUSSION After nitrosoguanidine mutagenesis, an E. coli strain harboring the Clo DF13::Tn9Ol plasmid pJN03 that possessed temperature-sensitive growth was isolated. The mutation involved in the thermosensitive growth at 430C is located on the pJN03 plasmid. The killing of the host, mediated by this mutant plasmid, is accompanied by leakage of beta-galactosidase from the cytoplasm of the cell. This leakage suggests a decrease in the integrity of the cell envelope at 430C. Effects of plasmid mutations on the cell envelope have been reported by DiJoseph et al. (8) and Derylo et al. (7) . They showed that due to the presence of the thermosensitive Rl plasmid (8) or derepressed ColIb plasmid (7), changes in the composition of the cell envelope occurred. To obtain more insight into the effects of the thermosensitive pJN03 plasmid mutant J. BACTrERIOL. on vertical 1% agarose slab gels as described previously (29) . The tracks shown contain the following DNAs:
a through e, BamH-I digests ofplasmid pJNO3 cop-i (Ts), pJN03, PE V17, pE V23, and Clo DF13, respectively; f and g, PstI digests ofplasmid pEV23 and Clo DF13; h and i, HindII digests ofplasmid pEV23 and Clo DF13; j through I show the SmaI digests ofplasmid pEV23, Clo DF13, and pJN63, respectively. on the cell envelope of the host, detailed studies on the composition and structure of the cell envelope are in progress.
With respect to the nature of the plasmid mutation, we observed in cells harboring the thermosensitive pJN03 mutant plasmid an increase in the synthesis of plasmid-specified proteins, such as cloacin DF13 and beta-lactamase, at 43°C. This phenomenon is likely the result of a gene dosage effect, since we also observed in cells harboring thermosensitive pJN03 a strong increase in the synthesis of plasmid DNA at 43°C. Experiments on the kinetics of plasmid DNA synthesis at 43°C revealed that at this temperature the rate of plasmid DNA synthesis increased considerably. Therefore, we designated this plasmid mutant as a thermosensitive copy mutant, pJN03 cop-1(Ts). Preliminary experiments with cells heterozygote for pJN03 cop-l(Ts) and the Clo DF13 plasmid revealed that wild-type Clo DF13 cannot suppress the cop-l(Ts) mutation. Furthermore, we observed incompatibility between plasmid pJN03 copl(Ts) and wild-type Clo DF13. Several models for the regulation of plasmid replication exist, but they may be grouped into two main categories: one suggesting a positive and the other suggesting a negative control of replication (9) . According to the positive model, each replicon possesses two specific genes; one gene, the regulator gene, codes for a diffusable initiator protein which initiates DNA replication by acting on the other gene, the effector gene (14) . In the negative control model proposed by Pritchard et al. (22) , replication is regulated by a repliconspecified repressor protein. From earlier data (33, 34) we have proposed that Clo DF13 replication is under negative control. In view of the properties of plasmid pJN03 cop-1(Ts) it is possible that the cop-1(Ts) mutation resides on a plasmid DNA sequence coding for a repressor protein involved in this regulation process. To map the mutation we deleted specific parts from the pJN03 cop-l(Ts) genome. From the properties of the pJN03 cop-l(Ts) plasmid and its miniplasmids we concluded that the Clo DF13 gene products A, B, C, D, E, and G are not involved in the killing of the host strain at 43°C (see Fig. 6 ). Furthermore, it was observed that deletion of the 12 to 100% part of the Clo DF13 genome did not result in an uncontrolled plasmid replication or killing of the host (24) . These data strongly suggest that the cop-1(Ts) mutation is located within the 0 to 12% part of the Clo DF13 genome. As shown by Stuitje et al. (24) , this region contains both an origin of replication and genetic information involved in the control of Clo DF13 DNA synthesis. From the appearance of backward mutations of pJN03 cop-l(Ts) at a frequency of about 10' at the nonpermissive temperature, we conclude that the cop-1(Ts) mutation is a single-point mutation. At enhanced synthesis of plasmid DNA molecules at 430C, which is accompanied by an increase of plasmid-specified gene products, results in the accumulation of a toxic protein. Alternatively, the uncontrolled plasmid DNA synthesis itself might directly affect the metabolism of the host. Such a plasmid-mediated effect has been reported by DiJoseph et al. (8) and Gustafsson and Nordstrom (12) . Further research will be focused on those Clo DF13 gene products which are involved in the regulation of plasmid replication and/or in the alteration of membrane functions.
